The profound loss of mucosal CD4 + T-cells that occurs during acute human immunodeficiency virus (HIV) infection is usually not restored by subsequent control of viremia and increased systemic CD4 + T-cell counts [1] . Indeed, as with systemic CD4 + T-cell recovery, there is wide variation in patients' mucosal CD4 + T-cell recovery (known as immune reconstitution) following combination antiretroviral therapy (cART) initiation that is independent of peripheral blood CD4 + T-cell recovery [2] . There are several hypotheses to account for the discordant recovery of immune cell populations between compartments in the gut and peripheral blood with the early focus being on persistent HIV cytopathic effect [1] . While low-level residual viral replication detected throughout the gastrointestinal tract has been reported, the ratio of unspliced RNA to DNA is similarly low across tissue and vascular compartments, as would be expected if they were in equilibrium [3] . Currently, limited longitudinal data examining gastrointestinal-associated lymphoid tissue (GALT) antiretroviral penetration coupled with virologic kinetics have been published [4, 5] . We performed a 3-arm, randomized clinical trial of different cART regimens to explore primarily which regimen(s) promoted mucosal immune reconstitution [6] . This report focuses on the virologic and pharmacologic analysis to explore the distribution of HIV RNA and HIV DNA and the pharmacokinetics of cART into tissue compartments. We hypothesized that if residual viremia drives blunted immune reconstitution in GALT, then a correlation between reduced drug tissue penetration and the size of viral reservoirs should be evident.
METHODS

Study Design
This pilot, randomized clinical trial enrolled chronically HIVinfected patients naive to antiretroviral therapy (ART) with CCR5 tropism by TrofileES (Monogram Biosciences, South San Francisco, California) and sensitivity to all selected ART agents by reverse-transcription polymerase chain reaction (PCR) sequencing. Subjects were randomized to 1 of 3 cART regimens: either maraviroc (MVC), MVC + raltegravir (RAL), or efavirenz (in-class switch was permitted in the case of side effects), each in combination with tenofovir disoproxil fumarate/emtricitabine (TDF/FTC) administered at standard doses after completing baseline endoscopy as previously published [6] . Phlebotomy and upper and lower endoscopy were performed prior to initiating ART and after 9 months of therapy. In addition, 12 HIV-negative controls who were similar to the HIV-infected cohort underwent a single set of identical procedures.
Ethics Statement
All participants provided signed informed consent as approved by the University of California, Davis Institutional Review Board (ClinicalTrials.gov: NCT00870363).
Sample Preparation
Intestinal biopsies were placed immediately in either liquid nitrogen, paraformaldehyde, or sterile media. Peripheral blood mononuclear cells (PBMCs) were isolated using FicollHypaque (Pfizer-Pharmacia, New York, New York). Single-cell suspensions were generated by collagenase digestion (a single lot from Sigma-Aldrich, St Louis, Missouri) for 3 cycles of 15 minutes followed by sterile saline washes. PBMCs and tissue single-cell suspension were stained with a panel of fluorochrome antibodies (see Supplementary Methods) and interrogated on a customized Beckman-Dickenson LSR-II [6] .
Immunofluorescent antibody analysis was performed using polyclonal anti-CD3 rabbit serum (Dako, Carpinteria, California) and monoclonal anti-CD4 or anti-CD8 mouse serum (Leica, Buffalo Grove, Illinois) for the primary antibodies. Binding of CD3 and CD4, as well as CD3 and CD8 receptors, was detected using AlexaFluor 488-labeled polyclonal goat antirabbit immunoglobulin G (IgG) (Molecular Probes, Eugene, Oregon) and AlexaFluor 568-labeled polyclonal goat antimouse IgG (Molecular Probes). Positive cells were counted by a single observer (Z.-M. M.) and presented as cells per square millimeter of intestinal lamina propria [2] .
Measurement of HIV RNA and DNA
DNA was digested from cell pellets (1 × 10 6 PBMCs or intestinal single cell suspension) with XbaI, and 500 ng of DNA was subjected to PCR (Bio-Rad Laboratories) according to the manufacturer's specifications. The amplification reaction was carried out using HIVspecific primers and probes as described in the Supplementary Materials. Serially diluted ACH-2 DNA (from 40 000, 8000, 1600, 320, 64, 12.8, 2.56, and 0.56 cell equivalents per well in triplicates) was also subjected to the PCR conditions above to obtain standard curves. The level of detection is 2.56 copies/cell [7] .
For detection of the unspliced form of HIV type 1 (HIV-1) RNA, total RNA was isolated from plasma and whole snap-frozen tissue by using RNeasy Mini Kit (Qiagen), according to the manufacturer's specifications (see Supplementary Materials for synthesis of cDNA and primers that were used) [7] . HIV copy numbers were determined per microgram of RNA from tissue samples with a limit of detection of 2.56 copies/µg and normalized by duodenal CD4 + T-cell numbers determined by immunofluorescent antibody.
Measurement of Plasma and Tissue Drug Concentrations
Drug concentrations were quantified by liquid chromatography-tandem mass spectrometry analysis using methods similar to those previously published [8] [9] [10] . See Supplementary Methods for additional details. Tissue penetration ratios (TPRs) were calculated by dividing the tissue by the plasma concentration after the tissue concentrations were converted to nanograms per milliliter (to convert volume to mass, tissue density was assumed to be 1.06 g/mL). Tenofovir (TFV) and FTC TPRs were not significantly different across dosing cohorts in either GALT site (P > .05); therefore, these 2 drugs were pooled for further comparisons. Additionally, MVC TPRs between the MVC and MVC + RAL cohort were not significantly different and these values were also pooled.
To determine whether tissue antiretroviral (ARV) concentrations were above the reported 50% or 90% inhibitory concentration values (IC 50 and IC 90 , respectively) obtained from in vitro studies, the measured ART concentrations in tissue (nanograms per milligram) were divided by the listed IC 50 (or IC 90 where reported) values reported in the package insert from each ART. When IC 50 ranges were reported, the maximum IC 50 for wild-type HIV-1 clinical isolates was used to provide the most conservative estimate.
Statistical Methods
Nonparametric methods were used throughout as described in the Supplementary Methods. Results are expressed as median with interquartile range (IQR).
RESULTS
Twenty-six HIV-infected patients naive to cART were evaluable for baseline and 9-month analysis following randomization. The baseline characteristics are shown in Table 1 . GALT immune reconstitution was blunted in both tissue compartments especially when viewed in the context of immune reconstitution that occurs in the peripheral blood following cART. Baseline median CD4 + T-cell density in the lamina propria was 48.1 (IQR, 30.6-184.4) and 45.2 (IQR, 28.8-73.4) cells/mm 2 in the duodenum and rectum, respectively, increasing to 150 (IQR, 96.9-251.9) and 151.4 (IQR, 80.9-199.6) cells/mm 2 after 9 months of cART in the duodenum and rectum, respectively. These values compare to 565.9 (IQR, 444.8-676.9) and 395 (IQR, 331.6-493.7) CD4 + cells/mm 2 in the duodenum and rectum of control subjects, respectively. In addition, peripheral blood absolute CD4 + T-cell counts increased to 523 (IQR, 364-702) cells/dL after 9 months, which was in the normal range (>450 cells/dL) for 75% of subjects.
Clinically, all individuals rapidly achieved and maintained HIV suppression (plasma viral load [pVL] ≤20 copies/mL). Median tissue HIV RNA declined from 12 852 (IQR, 2134-64 476) to 2.5 copies/CD4 + T cell (IQR, 2.5-3.1) in the rectum (P < .001) and from 74 (IQR, 8.3-1482) to 2.5 copies/CD4 + T-cell (IQR, both <2.5) in the duodenum (P < .001), extracted from whole tissue. Undetectable tissue HIV RNA was measured from tissue after 9 months of cART in 17 of 26 and 15 of 25 subjects in the duodenal and rectal tissue samples, respectively. Cell-associated DNA copies/10 6 cells declined from a median of 2255 (IQR, 1188-4317) to 1418 (IQR, 728-2648) in the peripheral blood (P = .003), from 261 (IQR, 154-650) to 30 (IQR, 13-49) in the rectal cells (P = .03), and from 101 (IQR, 4-355) to 6 (IQR, 2.5-69) in the duodenal cells (P < .001). Interestingly, pVL correlated with tissue HIV RNA at baseline and when correlating the magnitude of changes from baseline to month 9, suggesting that these compartments are tightly associated and potentially in equilibrium (Spearman r = 0.54, P = .005 and r = 0.55, P < .003 for duodenal tissue RNA at baseline and 9-month changes, respectively; Spearman r = 0.44, P = .02 and r = 0.44, P < .03 for rectal tissue RNA at baseline and 9-month changes, respectively). TFV-dp* 1801 (1278-4056) TFV-dp* 1941.6 (900.0-2540.5) TFV-dp* 1057. TFV-dp* 98 397 (85 793-153 445) TFV-dp* 30 534 (6402-146 355) TFV-dp* 44 476 (16 858-75 126) .328
Data are presented as median and range. Subjects naive to antiretroviral therapy were randomized to receive either an NNRTI, MVC, or MVC + RAL, all in combination with tenofovir disoproxil fumarate/FTC. All other antiretroviral tissue concentrations were measured directly from biopsy tissue immediately snap-frozen during endoscopy. All samples were collected as trough levels after subjects had fasted in preparation for endoscopy after 9 months of treatment. Please note that the plasma concentrations are expressed as nanograms per milliliter, and tissue concentrations are expressed as nanogram per milligram; see the Methods on conversion from ng/mg to ng/mL, which was performed for the purposes of direct comparisons as illustrated in Figure 1 . Abbreviations: dp, diphosphate; EFV, efavirenz; FTC, emtricitabine; MVC, maraviroc; NNRTI, nonnucleoside reverse transcriptase inhibitor; NVP, nevirapine; RAL, raltegravir; TFV, tenofovir; tp, triphosphate. *Intracellular FTC-tp and TFV-dp, the active forms of each agent, were measured from collagenase-digested, single-cell suspension preparations from biopsy tissue and are expressed as fmol/10 6 cells. Unfortuantely, samples from PBMCs were not available to perform intracellular nucleotide concentrations, but these tissue intracellular levels equal or exceed published PBMC concentrations for FTC-tp and TFV-dp.
One hypothesis accounting for blunted intestinal immune reconstitution implicates reduced ARV penetration from plasma into gastrointestinal tissues [6] . There were no significant differences in plasma concentrations of any ARV between groups with the exception of plasma TFV, which was significantly higher in the nonnucleoside reverse transcriptase inhibitor cohort than in the MVC and MVC + RAL cohorts (Table 2) . When comparing duodenal to rectal ARV concentrations, tenofovir diphosphate (TFV-dp), the intracellular active form of TFV, had significantly higher concentrations in duodenum vs rectum, whereas MVC showed the opposite trend, with 5-fold higher rectal concentrations (Table 2) .
TPRs represent the extent of drug exposure in tissue relative to plasma. In the duodenum, median TFV TPR was significantly higher than any other drug in this tissue and was significantly higher in duodenum than rectum (median, 717. Figure 1A ). In the rectum, MVC TPRs were significantly higher than those for FTC, efavirenz, and RAL.
In addition, tissue exposures for all ARVs was greater than the maximum reported 50% inhibitory index (IC 50 ) values from cellular studies, and ranged from 4-fold higher (TFV in rectal tissue) to 1960-fold higher (MVC in rectal tissue) ( Figure 1B) . Tissue concentrations greater than IC 50 were present in nearly 100% of subjects, except for 4 samples for FTC and TFV. In the ) by a paired plasma concentration (ng/mL) using an assumed tissue density of 1.06 g/mL. A, Tenofovir (TFV) and emtricitabine TPRs were not significantly different across dosing cohorts in either the duodenum or rectum (P > .05); therefore, the TPRs for these 2 drugs were pooled when making further comparisons. Maraviroc (MVC) TPRs between the MVC and MVC + raltegravir (RAL) cohort were not significantly different and these values were also pooled. Significantly higher TFV penetration was observed in the duodenum compared to the colon, and MVC penetration was higher in the rectum vs the duodenum (*P = .001 for both). B, Tissue concentrations as reported in Table 2 were individually compared to the highest 50% inhibitory concentration (IC 50 ) reported in the literature (IC 90 for efavirenz) after converting reported nM IC values to ng/mg. Tissue drug concentrations were above the IC 50 nearly 100% of the time. These TPRs are consistent with what has been observed in previous studies of gut tissue, except for RAL, which was lower than what has been previously reported [11] . C and D, All drug penetration vs human immunodeficiency virus (HIV) decreases from baseline: No correlation was observed between tissue levels of viral decay assayed from biopsy specimens collected after 9 months of combination antiretroviral therapy. C, HIV DNA was measured in single-cell suspensions of rectal and duodenal tissue biopsies. D, HIV RNA was measured from rectal and duodenal tissue homogenates. Tissue penetration ratios are shown in (A). Abbreviations: FTC, emtricitabine; MVC, maraviroc; NNRTI, nonnucleoside reverse transcriptase inhibitor; RAL, raltegravir; TFV, tenofovir.
duodenum, FTC concentrations were above the IC 50 in 96% of subjects. In the rectum, FTC exposures greater than the IC 50 were achieved in 92% of subjects, while 88% of subjects had TFV concentrations greater than the IC 50 ( Figure 1B ). In sum, ARV concentrations were similar across compartments and largely were at or above the IC 50 . We next examined whether ARV tissue concentrations were significantly associated with tissue viral decay by performing linear regression using TPR as the independent variable and HIV RNA and DNA change scores as the dependent variable. No correlations were observed between decreases in HIV DNA or HIV RNA in either duodenal or rectal tissues or when all tissue samples were combined after adjustments were made for biased outliers ( Figure 1C and 1D) . A similar analysis was performed to assess the effect of TPR on immune reconstitution in GALT as measured by changes in CD4 + T-cells/mm 2 lamina propria or CD4 + T-cell percentage in single-cell suspensions. No significant relationships were observed in either intestinal site for any individual drugs or combinations with any 9-month change in immune cell population (all P > .05; data not shown).
DISCUSSION
Our study demonstrates that in tissues where immune reconstitution is most blunted following suppressive cART, ARV drug concentrations exceed the in vitro IC 50 values. In addition, significant correlations for HIV RNA levels and decay post-cART between peripheral blood and GALT compartments support the hypothesis that these compartments demonstrate an interdependence, as would be expected for this highly vascular tissue. One explanation for how these results differ from previous reports potentially stems from our use of snap-frozen whole tissue for all but the intracellular TFV-dp and emtricitabine triphosphate (FTC-tp) concentrations [4] . Previous reports have used collagenase digestion with multiple wash steps associated with single-cell suspension processing that can be associated with leaching of parent drug concentrations, and can lead to reporting of lower concentrations after processing [4, 11] . However, this is not the case for measuring concentrations of intracellular TFV-dp and FTC-tp, which correlate highly with tissue homogenate concentrations of TFV-dp and FTC-tp [12] .
If residual viral replication were driving persistent immune defects in GALT, then some signal with altered TPRs between compartments would have been anticipated. However, we did not find evidence for a significant contribution of residual HIV replication leading to persistent CD4 + T-cell depletion even though TPRs were above the IC 50 for the multiple classes of ARVs. HIV DNA declined significantly in all 3 compartments and the HIV RNA levels were generally very low or undetectable after treatment. These largely negative data do not exclude a potential contribution to ongoing HIV replication as others have reported in mucosal tissues [7, 13] .
The penetration of these ARV medications into these highly vascularized tissues weighs in favor of other local factors (eg, microbial antigen driven inflammation and/or translocation) playing a more dominant role in poor immune reconstitution. However, inhibitory concentrations derived from in vitro cellular studies may not represent the true therapeutic threshold for these agents in tissues, as free drug tissue concentrations can be impacted by protein binding [14] . Additional research is needed in this area. Nonetheless, these novel results emphasize the need to focus on multiple hypotheses to explain heterogeneous immune reconstitution along the gastrointestinal tract. Previous work from our laboratory and others suggests that proinflammatory bacterial antigen initiate profibrotic and other immune activation pathways that interrupt immune reconstitution [15] . Ongoing analysis of these tissue samples seeks to characterize the microbiome within the tissue as potential factor impacting immune reconstitution in these diverse compartments. These investigations may provide additional insights into T-cell kinetics in GALT following effective cART.
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